A general search has been made for mutants defective in their ability to derepress the histidine operon. The procedure was to select for mutants with an increased sensitivity to the false feedback inhibitor, 2-thiazolealanine. Five mutant strains defective in derepression have been isolated. All five strains are unable to derepress normally because of mutations located in the operator-promoter region of the histidine operon.
Mutations causing derepression of the histidine operon in Salmonella typhimurium have been mapped in six genes ( Fig. 1) (3, 26) . One of the genes, hisO, is located immediately proximal to the nine histidine structural genes and has the properties of an operator-promoter region (9, 11) . All of the other five genes in which constitutive mutations have been isolated (hisS, hisR, hisT, hisU, and his W) are unlinked to the histidine operon and appear to be involved in the synthesis, maturation, or charging of histidine transfer ribonucleic acid (tRNAHIS) (5, 7, 20, 25, (32) (33) (34) . The properties of the constitutive mutants, together with a study of the effect of certain analogues on the expression of the histidine operon (30) , have shown that charged tRNAHIS, rather than histidine itself, regulates the expression of the operon.
The central question remaining with regard to the mechanism of regulation is whether a protein regulator molecule is needed in conjunction with charged tRNAHIs to cause repression of the operon. The genetic analysis of histidine regulation has not, to date, given a definite answer concerning the existence of a protein regulator, since none of the six genes in which constitutive mutations have been isolated appears to code for a protein, of which the sole function is to activate or repress the histidine operon.
To approach the problem from a different direction, we have now conducted a general search for mutants which are unable to dere- press. A major purpose of this search was to find activator-negative mutants, similar to those which have been found for operons under positive control (2, 8, 15, 24, 31) ; or super-repressor mutants, similar to those which have been found for operons under negative control (16, 17, 38) .
Mutants defective in derepression of the histidine operon have been isolated previously by three methods. All of these mutants have been found to contain mutations in the histidine operator-promoter region (9) . One method is to revert histidine-constitutive mutants to growth at 42 C and look for secondary mutations which decrease the expression of the histidine operon (10, 37) . The major problem with this method is trp FIG. 1. Chromosomal map of Salmonella typhimurium, indicating location of histidine regulatory genes (28) . 116 on October 18, 2017 by guest http://jb.asm.org/ Downloaded from that it selects primarily for polar mutations which decrease translation of the distal end of the operon without affecting the repression mechanism. For example, Voll (37) analyzed 53 prototrophic revertants of his01242 isolated at 42 C and found only one promoter mutant defective in derepression. Another method which has been used previously (J. Wyche, unpublished results) is to select for sensitivity to aminotriazole (Fig. 2) , which inhibits an enzyme of histidine biosynthesis (imidazole glycerol phosphate dehydrase) and causes derepression (13) . Like the 42 C reversion technique, this method is not specific for mutants which are unable to derepress. Lastly, one histidine operator-promoter mutation, hisO3601, was selected as unable to grow on histidinol (4) .
The method used to isolate the mutants described here was penicillin enrichment for mutants having increased sensitivity to the histidine analogue thiazolealanine (Fig. 2) , which is a false feedback inhibitor of the histidine pathway (21, 22, 30) . Thiazolealanine inhibits the first enzyme of histidine biosynthesis but cannot be charged or incorporated into protein. Therefore, when wild-type Salmonella growing in the absence of histidine is challenged with thiazolealanine, its growth is strongly inhibited due to starvation for histidine. The concentration of thiazolealanine can be adjusted to a level such that wild-type Salmonella can overcome the inhibition by derepressing the histidine operon. Derepression increases the amount of the first enzyme in the cell and thus compensates for the false feedback inhibition. Mutants that are unable to derepress the histidine operon cannot use this compensatory mechanism and should, therefore, be more 3-Amino-I, 2,4-triazole sensitive to the analogue than is the wild type. A similar method was employed by Somerville and co-workers to isolate mutants sensitive to 5-methyltryptophan (19) .
MATERIALS AND METHODS
Mutant isolation. Mutants sensitive to thiazolealanine were isolated in an Hfr strain (SA535) to facilitate mapping (29) . SA535 is a serine auxotroph, so minimal medium for this strain and all strains derived from it was supplemented with serine. The thiazolealanine-sensitive mutants came from 22 independent cultures mutagenized with diethyl sulfate and four unmutagenized cultures. Diethyl sulfate mutagenesis was accomplished by diluting 0.1 to 0.2 ml of an overnight culture into 5 ml of minimal medium containing 0.1 ml of diethyl sulfate. The cells were allowed to stand for 20 min at room temperature and were then diluted into 2.5 ml of minimal medium, or the same medium supplemented with 0.1 mM histidine, and grown with aeration at 24 C.
Two serial penicillin enrichments were performed on each culture, as follows. Thirty microliters of each culture was diluted into 4 ml of minimal glucose medium plus 0.5 mM DL-thiazolealanine (Cyclo Chemical Co.). Cultures were shaken at 37 C for 3 to 7 h. Then 1 ml of each culture was added to 80,000 U of penicillin (Parke-Davis) dissolved in 0.1 ml of sterile water. Penicillin concentrations ranging from 8,000 to 80,000 U/ml produced essentially the same results, except that the degree of killing was slightly more reproducible with the higher concentration. Concentrations of penicillin less than 8,000 U/mI gave a lower enrichment factor than did concentrations of 8,000 U/ml or higher. The penicillin cultures were shaken for 17 h at 37 C. Each culture was then filtered with a sterile membrane filter (0.45-Am pore size, Millipore Corp.) and washed with 30 ml of minimal medium. The filters were suspended in 10 ml of minimal glucose medium, or minimal glucose medium plus 0.1 mM histidine, and incubated at 37 C with aeration. After the entire procedure had been repeated twice, cultures were plated onto nutrient agar medium. Fifty to one hundred single colonies from each culture were picked and replicated with wooden sticks onto minimal glucose agar and minimal glucose agar supplemented with 0.5 mM DL-thiazolealanine. Sensitive strains were identified after incubation of the plates for 24 h at 37 C.
Phage. Phage used for transductions was P22 int-3, a nonintegrating mutant of P22 phage (35) .
Aminotriazole sensitivity. The sensitivity of each strain to aminotriazole was tested either by replicating colonies onto minimal glucose agar supplemented with 10 mM aminotriazole (AMT), or by cross-streaking strains against 40 dliters of 3 M aminotriazole on minimal medium (Fig. 3) Introduction of hisR mutations into thiazolealanine-sensitive strains. To introduce a hisR mutation into the thiazolealanine-sensitive mutants, we first introduced a cya mutation by using a phosphonomycin selection procedure (Alper and Ames, manuscript in preparation). The cya mutants or transductants isolated in this way were tested for their growth response to cyclic adenosine 5'-monophosphate (AMP) in minimal citrate medium and for their linkage in transduction with metE. Since hisR is about 50% co-transducible with cya, a hisR mutation could easily be introduced into any cya strain by transduction (14) .
Transductions with cya mutants as recipients were performed on minimal medium supplemented with 0.5% sodium citrate as sole carbon source. Each transduction plate was prespread with 0.2 ml of nutrient broth medium. The number of cya+ transductants was greatly increased and the number of revertants was decreased by growing the recipient cells in the presence of 1 mM cyclic AMP before performing the transduction.
Deletion mapping. Histidine auxotrophic deletion mutants were used as recipients in crosses with phage grown on thiazolealanine-sensitive mutants. The crosses were performed on minimal glucose medium containing 0.5 mM thiazolealanine, and incubated at 37 C. The appearance of wrinkled, wild-type recombinants indicated that the thiazolealanine-sensitive strain had a mutation which did not overlap any region of the histidine deletion. Media. The media for the growth of bacteria have been described previously (36) .
Bacterial strains. Strain SA535 (Hfr K5 serA13) was obtained from K. E. Sanderson (29) . Strain TA520 (hisO2321 hisT1504) is a histidine-requiring, temperature-resistant revertant of strain hisT1504, isolated by the procedure of Fink et al. (10) . Strain TA2875 (his02321) contains the hisO2321 mutation isolated from the original genetic background (strain TA520). Strain SB2047 (his03148) has been described previously (9) . Strains TA2800, TA2801, TA2802, TA2803, and TA2804 were constructed by transducing hisR2841 into strains SA535, TA2573, TA2574, TA2575, and TA2576, respectively.
RESULTS
Isolation and preliminary mapping of thiazolealanine-sensitive mutants. To find optimal conditions for isolating thiazolealaninesensitive mutants, the sensitivity of the parent strain (SA535) to increasing concentrations of thiazolealanine was tested in liquid culture. The growth of this strain in minimal medium supplemented with 0 to 0.5 mM DL-thiazolealanine is shown in Fig. 4 . The upward curvature of the plots is due to derepression of the histidine operon, which increases the activity of the first enzyme of the pathway, thereby compensating for the inhibition by thiazolealanine. The length of the initial lag increases with increasing concentrations of thiazolealanine. The level of derepression reached at each concentration is shown in the table next to the figure. A concentration of 0.5 mM DL-thiazolealanine was chosen for the penicillin enrichment for nonderepressible mutants since repressed cells are initially very strongly inhibited at this concentration. (Subsequent to the isolation of thiazolealanine-sensitive mutants in strain SA535, we noticed that SA535 was somewhat less sensitive to thiazolealanine than LT-2 (the wild type) in the cross-streaking test. A survey of several genetically marked strains showed that thiazolealanine sensitivity varied from strain to strain. It was, therefore, important to compare the sensitivity of mutants to the parent strain from which they were derived.)
A reconstruction experiment was performed to determine how well the penicillin enrichment worked for a known non-derepressible mutant. Strain SB2047 (hisO3148) is a promoter mutant which has a basal enzyme level about 0.6 times (Fig. 1) . To perform this test, we used phage grown on each mutant to transduce strain TA520 (hisO2321 hisT1504) to prototrophy. This strain requires histidine because of the hisO2321 mutation. In these crosses, mutations which were linked to the histidine operon and which reduced the constitutive histidine enzyme levels produced by the hisT mutation yielded smooth transductants (characteristic of repressed cells), whereas mutations which did not reduce the histidine enzyme levels yielded only wrinkled transductant colonies (characteristic of derepressed cells) (26) .
Deletion mapping of mutations linked to the histidine operon. Fifteen of the mutations conferring thiazolealanine sensitivity (Table 1 , group 1) lay in the histidine operon and did not reduce the constitutive histidine enzyme levels produced by a mutation in hisT. The simplest explanation of these mutations is that they are leaky his mutations. This interpretation is supported by further mapping of the mutations with respect to a set of histidine deletions (Table 2) , as well as by the observation that a number of the mutants were slow-growing and derepressed in minimal medium, and repressed by histidine. Thirteen of the mutations were located in hisG, the structural gene for the first enzyme in the histidine biosynthetic pathway.
The remaining two mutations were located in the hisF, and hisI or hisE genes.
Mutations in the second group were located in the histidine operator-promoter region and reduced the constitutive enzyme levels produced by the hisT1504 mutation. These mutations are similar to a prototrophic promoter mutation obtained previously, hisO3148 (9) . All of these mutations, with the exception of his-2964, conferred an increased sensitivity to AMT as well as to thiazolealanine. Three of the five mutations failed to recombine with hisO2321 and, therefore, were located under this deletion. A fourth mutation (his-2979) recombined with hisO2321 at a low frequency (0.6%); a fifth mutation (his-2964) recombined with hisO2321 at a somewhat higher frequency (1.3%). A detailed map of these his operator- --Unlinked to histidine operon a Donor phage grown on thiazolealanine-sensitive mutants were crossed with recipient strain TA2875 (hisO2321) on minimal glucose agar and incubated at 37 C for 2 days. Prototrophic his+ recombinants were scored for thiazolealanine sensitivity. A (+) indicates that sensitive transductants were obtained; a (-) indicates that no sensitive transductants were obtained.
bThe same phage preparations were used to transduce recipient strain TA520 (hisO2321 hisT1504) to prototrophy. The appearance of smooth recombinants indicates that the constitutive enzyme levels produced by the hisT1504 mutation have been reduced by a mutation that is cotransducible with hisO2321.
' AMT sensitivity was determined as described in Materials and Methods. d Derepression of each strain in minimal medium was scored by examining wrinkled or smooth appearance of colonies on minimal glucose agar as described by Roth et al. (26) . All strains that were derepressed in minimal medium (scored as +) could be repressed by the addition of histidine to the growth medium.
promoter mutations and those found previously (9) will be presented (B. Ely, manuscript in preparation).
Characterization of mutations unlinked to the histidine operon. The five mutants in the third group in Table 1 had one or more mutations which were unlinked to the histidine operon, as shown by their failure to co-transduce with hisO2321. The sensitivity of each of the mutants to AMT was tested by the crossstreaking method. It was anticipated that mutants defective in derepression would resemble the promoter mutants in showing increased sensitivity to AMT. Two of the four strains (TA2573 and TA2575) were distinctly more sensitive to AMT than was the parent strain (Fig. 3) . Strain TA2575 was the more sensitive of the two mutants. Its sensitivity to AMT was completely reversed by adenine plus thiamine but not by histidine. The sensitivity of strain TA2573 to AMT and thiazolealanine was completely reversed by histidine and not affected by adenine plus thiamine.
The experiments in Fig. 6A -C and a Two drops of phage grown on thiazolealanine-sensitive strains and the wild type (LT-2) were spotted with two drops of nutrient broth cultures of histidine-requiring mutants on plates (60 by 15 mm) containing minimal medium plus 0.5 mM DL-thiazolealanine. Recovery of wild-type wrinkled recombinants indicates genetic separability of the two mutations (+). A minus (-) indicates overlapping mutations and inability to recover wild-type recombinants. show that, in contrast to a promoter mutant, strain SB2047 (hisO3148), each of the four mutants in group 3 was able to derepress in the presence of thiazolealanine, although in one case (strain TA2575) the extent of derepression was decreased. The growth of each of the four mutants in the presence of thiazolealanine is shown in Fig. 6A-C . The degree of sensitivity of each strain to thiazolealanine may be seen by comparing its growth to the growth of the parent strain, SA535, The essential point to note is that the growth response of each of the mutants curved upward like the response of strain SA535. The difference between the mutants and strain SA535 was a longer lag for the mutants and, in some cases, a somewhat slower final growth rate. This behavior contrasted with that of a promoter mutant, strain SB2047 (his03148), which was truly unable to derepress. The growth rate of this mutant was inhibited strongly by thiazolealanine and did not increase with time (Fig. 6B) . Derepression by thiazolealanine was determined for each strain (Table 3) . Each of the strains, except TA2575 and the hisO3148 control, achieved either the same or a higher level of derepression than the parent strain (SA535) growing at the same concentration of inhibitor. The decreased extent of derepression for strain TA2575 can be demonstrated further by physiologically derepressing in the presence of aminotriazole. The results (Table 3) indicate that, even though strain TA2575 has a decreased growth rate (Fig.  6D) , the final level of derepression is approxi-(I) (10) (8) mately one-half ot' that attained by strain SA535.
To investigate f'urther the ability of' the t'our mutants to derepress, a hisR constitutive mutation was introduced into each strain and into SA535, as described above. Each strain was then assayed to determine the level of' derepression of' the histidine operon. The results (Table  3) indicate that each of' the strains, except the strain derived from TA2575, reached the same level of derepression as the control strain (TA2800).
Hfr mapping experiments have indicated that strain TA2575, the mutant which responds to adenine and appears to derepress to a lower level than strain SA535, contains at least two mutations. One of' the mutations has been f'ound to lie near trp in conjugation. This mutation was separated from the original background by conjugation with a tryptophanrequiring recipient. The resultant recombinant strain, TA1962, was found to derepress normally both physiologically and genetically. It has not been possible to map the second mutation in strain TA2575.
Preliminary mapping experiments have also been performed with strain TA2574, which is phenotypically dissimilar to strain TA2575 in that it is very sensitive to thiazolealanine and not sensitive to aminotriazole. This strain also appears to be a double mutant, with one of' the mutations (conferring thiazolealanine sensitivity) located near trp. DISCUSSION A large number of' mutants with increased sensitivity to the histidine analogue 2-thia- a Physiological derepression of histidinol phosphate phosphatase (hisB enzyme) was assayed in the absence and presence of thiazolealanine (top) and aminotriazole (middle). Genetic derepression of the parent strain and thiazolealanine-sensitive mutants was observed by assaying hisB enzyme activity after transducing a hisR mutation into each strain (bottom). Strains TA2800, TA2801, TA2802, TA2803, and TA2804 were constructed by transducing hisR2841 into strains SA535, TA2573, TA2574, TA2575, and TA2576, respectively. Enzyme units are as described by Ames et al. (1, 25) . zolealanine have been obtained by penicillin enrichment. As anticipated, many of the strains contain leaky histidine mutations in hisG. Since feedback regulation operates on the hisG gene product (phosphoribosyl-adenosine triphosphate [PR-ATP] synthetase), any genetic alteration in this enzyme which leads to decreased activity might cause an apparent increase in sensitivity to the false feedback inhibitor, thiazolealanine. The inhibitor would further decrease the activity of an already defective enzyme (30) . Some of the mutations in hisG could also be the feedback-hypersensitive type described previously (23, 27) .
One of the mutations, his-2976, lies closer to the distal end of the operon, in hisI or hisE. In the wild-type cell, the first step in the histidine pathway is always rate-limiting and is controlled by feedback regulation. The hisE gene product catalyzes the second step in the pathway, and a mutation in hisE could reduce the activity of the hisE gene product enough to make the second step limiting. This would lead to an accumulation of the first intermediate, PR-ATP. If the hisE mutation produced an altered enzyme with a poor affinity for PR-ATP, it would be hypersensitive to a reduction of the PR-ATP pool caused by false feedback inhibition. It is not clear how the leaky mutation in the hisF gene, hisF2962, would cause increased sensitivity to thiazolealanine.
The second class of thiazolealanine-sensitive mutants obtained from the penicillin enrichments contain promoter mutations that lower the level of expression of the histidine operon. These mutations are similar to the promoter mutations described previously (9) . A finestructure genetic map of the operator-promoter region will be presented (B. Ely, manuscript in preparation).
The last class of mutants is sensitive to thiazolealanine due to mutations that are unlinked to the histidine operon. When the derepression of these strains was examined in the presence of thiazolealanine, all except strain TA2575 derepressed to the same level or to a higher level than did the parent strain, SA535. The behavior of the mutations which are unlinked to the histidine operon thus contrasts with the behavior of the promoter mutations, which lower the final extent of both physiological and genetic derepression. A possible explanation for some of these strains is that they contain mutations which increase the transport of thiazolealanine into the cell. The effect of adenine plus thiamine in reversing the aminotriazole sensitivity of TA2575 suggests that one of the mutations in this strain affects purine biosynthesis.
The original purpose in undertaking the mutant isolation was to find activator or superrepressor mutants. It was anticipated that either type of mutant would lower the final steady-state enzyme levels under conditions of derepression. This has been found to be the case when such mutants have been isolated in other systems (2, 8, 15-17, 24, 31, 38) . The only mutants from our isolation which had this property contained mutations in the operatorpromoter region. There are several possible reasons for our failure to find the type of mutant for which we were looking.
One possibility is that there is an additional gene in the histidine operator-promoter region that specifies a protein activator or repressor. If this is the case, some of the mutations in this region should be either trans-dominant or -recessive. None of the operator-promoter mutations tested to date has shown any trans effects (9, 11) .
A second possibility is that activator or superrepressor mutants would require histidine. Over 1,500 histidine-requiring mutants have been mapped in the histidine operon (12) . In addition, a selection designed for the isolation of histidine auxotrophs unlinked to the histidine operon has been undertaken. In this selection, five independent histidine-requiring mutants were obtained from six mutagenized cultures, and all contained mutations in hisS (36) . These mutants require histidine because they have histidyl-tRNA synthetases with altered kinetic properties. If there is any genetic locus other than the histidine operon and hisS in which histidine-requiring mutants can be isolated, mutations in this locus must either be extremely rare or produce a requirement for something in addition to histidine.
A third possibility is that the protein element which represses or activates the histidine operon has some other indispensable function in the cell. Two ideas which have been considered are that either the histidyl-tRNA synthetase (6, 7) , or the first enzyme of histidine biosynthesis (18) 
